Cohesin plays an important role in chromatid cohesion and has additional functions in higher-order chromatin organization and in transcriptional regulation. The binding of cohesin to euchromatic regions is largely mediated by CTCF or the mediator complex. However, it is currently unknown how cohesin is recruited to pericentric heterochromatin in mammalian cells. Here we define the histone methyltransferase Suv4-20h2 as a major structural constituent of heterochromatin that mediates chromatin compaction and cohesin recruitment. Suv4-20h2 stably associates with pericentric heterochromatin through synergistic interactions with multiple heterochromatin protein 1 (HP1) molecules, resulting in compaction of heterochromatic regions. Suv4-20h mutant cells display an overall reduced chromatin compaction and an altered chromocenter organization in interphase referred to as ''chromocenter scattering.'' We found that Suv4-20h-deficient cells display chromosome segregation defects during mitosis that coincide with reduced sister chromatid cohesion. Notably, cohesin subunits interact with Suv4-20h2 both in vitro and in vivo. This interaction is necessary for cohesin binding to heterochromatin, as Suv4-20h mutant cells display substantially reduced cohesin levels at pericentric heterochromatin. This defect is most prominent in G0-phase cells, where cohesin is virtually lost from heterochromatin, suggesting that Suv4-20h2 is involved in the initial loading or maintenance of cohesion subunits. In summary, our data provide the first compelling evidence that Suv4-20h2 plays essential roles in regulating nuclear architecture and ensuring proper chromosome segregation.
Pericentric heterochromatin in mammalian cells is formed from large arrays of noncoding satellite repeat sequences. Heterochromatic domains from different chromosomes can join into large clusters (so-called chromocenters) that can be visualized as DAPI-dense regions in interphase cells. Pericentric heterochromatin is largely transcriptionally inert but serves important functions in ensuring genomic stability and accurate chromosome segregation Ting et al. 2011; Zhu et al. 2011) . Thus, dysregulation of heterochromatin organization leads to severe diseases and developmental defects (Hahn et al. 2010) .
The major constitutive heterochromatin proteins that are thought to establish the proper chromatin structure at pericentric heterochromatin are heterochromatin protein 1 (HP1) isoforms and the histone methyltransferases Suv39h and Suv4-20h (Supplemental Fig. S1A ). Suv39h enzymes induce histone H3 Lys 9 trimethylation (H3K9me3) at heterochromatic regions ). This modification is recognized by HP1 molecules, which recruit Suv4-20h histone methyltransferases that subsequently establish H4K20me3 (Schotta et al. 2004 (Schotta et al. , 2008 . It is assumed that HP1 is a major regulator of heterochromatin organization and compaction. However, this view is challenged by the fact that HP1 proteins only transiently associate with heterochromatin (Cheutin et al. 2003) . Therefore, other more constitutive components might contribute to regulating heterochromatin organization.
During mitosis, pericentric heterochromatin is important to facilitate sister chromatid cohesion. This is accomplished by cohesin complexes that connect sister chromatids at pericentric regions until anaphase onset (Salic et al. 2004; Tang et al. 2004) . The cohesin ring consists of a Smc1-Smc3 dimer that is connected through the a-kleisin subunit Scc1/Rad21 (Nasmyth 2011) . Cohesin is loaded onto chromatin in early G1 phase. Sites of cohesin loading can differ from regions with the highest cohesin enrichment, and therefore the cohesin rings are assumed to slide several kilobases from the loading site (Lengronne et al. 2004) , where they might be fixed by interactions with other proteins, such as CTCF (Parelho et al. 2008; Rubio et al. 2008; Wendt et al. 2008 ). Due to the large size and compact structure of pericentric regions, there must be loading sites within heterochromatin, and it is therefore likely that core heterochromatin proteins assist in stable cohesin recruitment within these domains. In agreement with this hypothesis, cohesin is recruited to heterochromatic regions by Swi6/HP1 in fission yeast (Nonaka et al. 2002) . However, HP1 proteins do not interact with cohesin in mammalian cells , and it is currently unknown how recruitment and maintenance of cohesin at pericentric heterochromatin is mediated.
In this study, we discovered an interaction between the histone methyltransferase Suv4-20h2 and cohesin. We found that Suv4-20h2 is required for cohesin recruitment to pericentric heterochromatin. Suv4-20h-deficient cells have strongly reduced cohesin levels at pericentric heterochromatin, resulting in chromosome segregation defects. Thus, our data demonstrate a novel role of the Suv39h-Suv4-20h pathway in cohesin recruitment to pericentric heterochromatin.
Results

Suv4-20h2 is a stable component of pericentric heterochromatin
We first set out to determine whether any of the heterochromatin core proteins could play structural roles in heterochromatin. We assessed their mobility in embryonic stem (ES) cells by fluorescence recovery after photobleaching (FRAP) analysis specifically at pericentric heterochromatin (Supplemental Fig. S1B ). Consistent with previous reports (Cheutin et al. 2003) , we found that HP1a is a very mobile protein (Fig. 1A ). This is a common feature of all HP1 variants, as the other isoforms-HP1b and HP1g-also displayed the same fast recovery kinetics (K Rippe, pers. comm.). The histone methyltransferases Suv39h1 and Suv4-20h1 showed intermediate mobility.
Surprisingly, Suv39h2 and Suv4-20h2 stably associate with heterochromatin, as both proteins showed almost no recovery on the minute time scale (Fig. 1A) . In addition, we determined the mobility parameters of the core heterochromatin proteins in another cell system: mouse embryonic fibroblast cells (MEFs). Interestingly, the recovery kinetics of all proteins were slower as compared with ES cells, which is in agreement with the hypothesis that heterochromatin is less plastic in differentiated cells (Meshorer et al. 2006) . Similarly to ES cells, we found that Suv39h2 and Suv4-20h2 exhibit the strongest binding to heterochromatin (Fig. 1A) . These experiments were complemented by fluorescence correlation spectroscopy (FCS) measurements of Suv4-20h2 at endogenous expression levels (Supplemental Fig. S2 ). For these assays, we generated a Suv4-20h2 EGFP knock-in ES cell line that expresses Suv4-20h2 at nearly endogenous levels (Supplemental Fig. S2B ) and displays clear enrichment of Suv4-20h2 and H4K20me3 at pericentric heterochromatin (Supplemental Fig. S2C ). FCS mobility measurements confirm that at endogenous expression levels, the mobile Suv4-20h2 binds more tightly to chromatin than HP1, since its apparent diffusion coefficient, which includes the binding contribution, is reduced (Supplemental Fig. S2D ). Furthermore, the immobile pool of Suv4-20h2 was ;10 times higher than that of HP1, as determined from continuous photobleaching experiments (Supplemental Fig. S2E ). Taken together, our data suggest that the histone methyltransferases Suv39h2 and Suv4-20h2 could play structural roles in pericentric heterochromatin.
Stable binding of Suv4-20h2 is mediated through synergistic HP1 interactions
The stable binding of Suv4-20h2 to heterochromatin was also demonstrated in a previous study for human SUV4-20H2 (Souza et al. 2009 ), suggesting that this feature of Suv4-20h2 is evolutionarily conserved. However, as the bulk of HP1 only transiently associates with heterochromatin, it is surprising that Suv4-20h2 can stably bind heterochromatin. Therefore, we asked how this stable association of Suv4-20h2 is mediated. The C terminus of Suv4-20h2 is responsible for heterochromatin targeting (Schotta et al. 2004) . In order to better define the targeting domain, we generated a panel of EGFP-tagged Suv4-20h2 truncation proteins as subfragments of the C terminus (Fig. 1B) . Fragment M12, which comprises only 62 amino acids of the Suv4-20h2 C terminus, showed clear pericentric enrichment ( Fig. 1B; Supplemental Fig. S2F ). We further subdivided this fragment and found that two nonoverlapping truncations-M13 and M14-were both able to localize to pericentric heterochromatin as well ( Fig. 1B; Supplemental Fig. S2F ). These data indicate that at least two independent heterochromatin targeting modules exist in Suv4-20h2. We then asked whether the M12 region is really crucial for mediating pericentric recruitment of Suv4-20h2 and tested the localization of a Suv4-20h mutant protein lacking the M12 region. We did not detect enrichment of this mutant protein at pericentric heterochromatin (Fig. 1B) . Thus, we conclude that the region comprising amino acids 350-412 represents the heterochromatin targeting domain in Suv4-20h2.
Heterochromatin targeting of Suv4-20h2 depends on HP1 proteins (Schotta et al. 2004) . We found that Suv4-20h2 can interact with all three mammalian HP1 isoforms in living cells (Supplemental Fig. S3 ). In vitro interaction assays revealed that all Suv4-20h2 truncations that localize to heterochromatin can directly interact with HP1 isoforms (Fig. 1C) . Suv4-20h2 fragment M12 could not be generated as a soluble recombinant protein. However, as fragment M5 interacts with HP1 and fragment M7 does not show interaction with HP1, we conclude that the HP1 interaction domain resides within fragment M12. This is further supported by our finding that fragments M13 and M14, which are subregions of fragment M12, strongly interact with HP1 (Fig. 1C) . Interestingly, HP1a and HP1g appear as the major interaction partners with both M13 and M14, whereas HP1b only interacts with fragment M14 (Fig. 1C) . These data are in line with recent reports on HP1 interaction networks that demonstrate that HP1a and HP1g share similar interaction partners that do not necessarily overlap with HP1b interactors (Vermeulen et al. 2010) . In summary, these data demonstrate that Suv4-20h2 has multiple independent HP1 interaction sites within its C terminus.
We further characterized the Suv4-20h2 truncations by measuring their mobility in heterochromatin using FRAP analysis. Full-length Suv4-20h2 stably binds to heterochromatin and showed a recovery of only ;10% at 3 min post-bleaching (Fig. 1D) . The Suv4-20h2-M12 truncation behaved virtually identical to the full-length protein, indicating that this fragment comprises the essential domain that ''clamps'' Suv4-20h2 onto heterochromatin (Fig. 1D) . We therefore refer to this region as the Suv4-20h2 ''clamp domain.'' Notably, the mobility of the M12 subfragments M13 and M14 was much higher. While the mobility of fragment M14 was in the range of HP1, M13 was more stably bound than HP1 (Fig. 1D) , suggesting that distinct regions in Suv4-20h2 mediate the stable association with heterochromatin through interactions with HP1 proteins.
To test this hypothesis, we measured the mobility of the individual Suv4-20h truncations in fibroblasts with reduced HP1 levels. HP1a knockout cells retained both H3K9me3 and H4K20me3 at pericentric heterochromatin, indicating that the recruitment of Suv39h and Suv4-20h enzymes to heterochromatin is not generally impaired (Supplemental Fig. S4A ). Indeed, the localization of the Suv4-20h2 truncations was not altered in the absence of HP1a (Supplemental Fig. S4B ). However, the FRAP recovery kinetics of full-length Suv4-20h2 and truncations M12 and M13 were clearly enhanced (Fig. 1E ). We did not observe faster recovery of fragment M14, as the FRAP kinetics of this fragment were already in the range of HP1 in wild-type cells. In summary, our data suggest that Suv4-20h2 is bound to heterochromatin through at least two independent interaction sites by HP1 proteins. As the individual interactions can only generate intermediate stability (M13 and M14), we postulate that synergistic interaction with multiple HP1 proteins in the Suv4-20h2 clamp domain ensures its stable association with heterochromatin.
Suv4-20h2 regulates chromatin compaction
The tight interaction of Suv4-20h2 with heterochromatin suggests a direct involvement in regulating the structure of pericentric heterochromatin. To verify this hypothesis, we performed micrococcal nuclease (MNase) chromatin accessibility assays in wild-type, Suv4-20h2 knockout, and Suv4-20h double-knockout ES cells (Schotta et al. 2008) . Notably, we detected higher chromatin accessibility in both Suv4-20h2 knockout and Suv4-20h doubleknockout cells ( Fig. 2A,B) . The increased accessibility clearly involves heterochromatic regions, as demonstrated by Southern blotting of the digested DNA with major satellite probes ( Fig. 2A,B) . A similar increase in chromatin accessibility was also observed in Suv4-20h-deficient MEF cells, suggesting that Suv4-20h2 plays general roles in regulating chromatin structure (Supplemental Fig. S5 ). Importantly, re-expression of Suv4-20h2, which restores H4K20me3 (Nicetto et al. 2013) , and even of the Suv4-20h2 clamp domain (M12) rescues the accessibility phenotype of Suv4-20h double-knockout cells (Supplemental Fig. S5 ), indicating that Suv4-20h2 can induce chromatin compaction through its clamp domain.
Superresolution three-dimensional (3D) structured illumination microscopy (3D-SIM) is a recently developed technique that allows imaging of subcellular structures below the optical diffraction limit (Schermelleh et al. 2008) . Using this technique, we detected a slightly reduced chromatin density in Suv4-20h double-knockout cells around the nuclear envelope ( Fig. 2C ; Supplemental Fig. S6 ). We quantified these data by measuring the DAPI intensity of the nuclear periphery compared with the overall DAPI intensity of the nuclei (Supplemental Fig. S6B ). These data indicate that wild-type nuclei have a generally higher chromatin density in the nuclear periphery as compared with Suv4-20h double-knockout cells (Supplemental Fig. S6C ). Interestingly, this reduction in peripheral heterochromatin correlates with changes in the distribution of nuclear pores, which are more stochastically arranged in Suv4-20h double-knockout nuclei (Fig. 2C ). Strong overexpression of Suv4-20h2 results in dramatic changes of the nuclear structure, most notably in increased chromatin compaction around chromocenters, nucleoli, and the nuclear envelope ( Fig. 2C ; Supplemental Fig. S6A ). The increased density of the peripheral heterochromatin upon overexpression of Suv4-20h2 is again reflected in the altered distribution of nuclear pores, which tend to be excluded from the highly compacted regions. In order to quantify the effect of Suv4-20h2 on nuclear pore organization, we developed an automatic 3D image analysis approach to measure nuclear pore parameters in our 3D-SIM images (Supplemental Fig. S6D ). In agreement with the qualitative analysis of the nuclear pore staining, we found that the percentage of regions with low nuclear pore density (sparse nuclear pore regions) was We further asked which part of Suv4-20h2 would be responsible for the compaction phenotype. Overexpression of the N terminus containing the SET domain does not lead to obvious alterations of the nuclear structure (Supplemental Fig. S7 ). In contrast, the C terminus of Suv4-20h2 is very potent in inducing chromatin compaction (Supplemental Fig. S7 ). The Suv4-20h2 clamp domain does not show a compaction phenotype. Interestingly, these data show that Suv4-20h2 has important roles in regulating nuclear architecture, which is independent of its function as a histone methyltransferase.
Chromocenter scattering in Suv4-20h-deficient cells
Our data so far demonstrate that Suv4-20h2 is a major regulator at different levels of chromatin organization in vivo. On the one hand, the observed alterations in chromatin accessibility suggest that Suv4-20h2 regulates compaction of chromatin fibers. On the other hand, the structural changes in Suv4-20h-deficient and overexpressing cells indicate that Suv4-20h2 might even mediate long-range interactions between chromatin domains. We therefore investigated whether organization of pericentric heterochromatin is altered in Suv4-20h doubleknockout cells. In mouse cells, heterochromatic regions of different chromosomes interact and form clusters, which are well discernible by DAPI staining. How this clustering is mediated is unknown. In order to visualize pericentric heterochromatin very precisely, we performed fluorescence in situ hybridization (FISH) detection of major satellite repeats in G0-arrested cells to investigate the steady-state situation of heterochromatin in the absence of cell cycle perturbations (Fig. 3A) . Stacks of confocal images were evaluated using an image segmentation procedure to detect and measure individual FISH foci (Supplemental Fig. S8 ). In wild-type cells, we detected ;25-30 foci (Fig. 3A,B) , which is consistent with previous data on chromocenter clustering in mouse fibroblasts (Guenatri et al. 2004 ). Suv4-20h double-knockout cells, in contrast, showed chromocenter scattering, as we observed significantly more foci per nucleus ( Fig.  3A,B; Supplemental Fig. S9 ). At the same time, the average focus volume was smaller in the mutant cells (Fig. 3B) . Notably, re-expression of full-length Suv4-20h2 in Suv4-20h double-knockout cells (DKO+FL) restores the altered nuclear organization of pericentric heterochromatin close to wild-type levels (Fig. 3B ). Re-expression of the Suv4-20h2 clamp domain (M12) did not lead to a significant rescue ( Fig. 3B; Supplemental Fig. S9 ), suggesting that although the clamp domain of Suv4-20h2 is necessary and sufficient to induce chromatin compaction as measured by MNase accessibility, additional features of the full-length protein are required to mediate long-range chromatin interactions like chromocenter clustering. Therefore, we asked whether chromocenter organization can be restored by a Suv4-20h2 mutant protein lacking methyltransferase activity (Nicetto et al. 2013 ). Re-expression of Suv4-20h2 N182A,Y217A (SET*) could not significantly reduce chromocenter scattering (Supplemental Fig. S10 ), indicating that establishment of H4K20me3 is important for normal chromocenter organization.
Based on our data, we propose that Suv4-20h2 can mediate interactions between chromatin fibers by binding to H3K9me3-rich and HP1-rich domains. Loss of Suv4-20h enzymes would lead to a compromised heterochromatin organization, although H3K9me3 and HP1 are still present at heterochromatic regions.
Suv4-20h-deficient cells display chromosome segregation defects
Defects in heterochromatin organization often coincide with genomic instability. Therefore, we examined Suv4-20h mutant cells for chromosome segregation defects by analyzing mitotic figures. Significantly more mitotic abnormalities, such as anaphase bridges and lagging chromosomes, could be observed in the Suv4-20h double-knockout cells (Fig. 4A) . These defects can be rescued by expression of Suv4-20h2 full-length protein (DKO+FL) and even by expression of the Suv4-20h2 clamp domain (DKO+M12), demonstrating that Suv4-20h2 is important for proper chromosome segregation (Fig. 4A ).
An analysis of different mitotic stages revealed that the segregation defects are not due to an altered progression through mitosis (Supplemental Fig. S11 ). Therefore, we tested whether key checkpoint proteins (AurB and Sgo1) or HP1 were altered in the absence of Suv4-20h enzymes. No obvious difference for either of these proteins was observed. However, we found that the centromere distance, as measured by the distance between adjacent CenpA foci, was wider in Suv4-20h double-knockout cells (Fig. 4B) . Statistical evaluation confirmed an, on average, 100-nm increased centromere distance in mitotic spreads of Suv4-20h double-knockout cells (Fig. 4C) . Re-expression of Suv4-20h2 (DKO+FL) or of the Suv4-20h2 clamp domain (DKO+M12) lead to centromere distances comparable with wild-type cells (Fig. 4C) . These data indicate that Suv4-20h2 is important for mediating normal sister chromatid cohesion. Reduced cohesion in Suv4-20h double-knockout cells in turn leads to mitotic abnormalities such as lagging chromosomes and anaphase bridges.
Suv4-20h2 interacts with cohesin
We thus hypothesized that in addition to having a structural role in heterochromatin, Suv4-20h2 may recruit additional proteins that facilitate sister chromatid cohesion. We performed GST pull-down assays to identify potential interaction partners of Suv4-20h2 using two different C-terminal truncation proteins (Supplemental Fig. S12A ). The first region, M5, comprises the clamp domain, whereas the second fragment, M7, contains the very C terminus that does not localize to heterochromatin (see Fig. 1B ). We could clearly precipitate all HP1 isoforms with fragment M5 (Fig. 5A ), confirming the direct interaction of HP1 with the Suv4-20h2 clamp domain. Interestingly, additional proteins consistently found to coprecipitate with Suv4-20h2-M5 were subunits of the cohesin complex ( Fig. 5A ; Supplemental Table S1 ). The GST pull-down experiments were performed using sonicated nuclear extracts that contain genomic DNA and large chromatin fragments. In order to test whether cohesin indirectly associates with Suv4-20h2 through DNA, we repeated the GST pull-down assays using extracts that were treated with benzonase to degrade all forms of RNA and DNA. Accordingly, extracts treated with benzonase were devoid of any contaminating DNA (Supplemental Fig. S12B ). When using benzonase-treated extracts in GST pull-down assays, we clearly detected binding of both HP1 and cohesin subunits to Suv4-20h2-M5 (Fig. 5B) . Similar results were obtained when extracts were treated with ethidium bromide, which disrupts DNA-protein interactions (Fig. 5B) .
In order to verify that Suv4-20h2 interacts with cohesin subunits in vivo, we performed coimmunoprecipitation experiments using a Suv4-20h2
HA-Flag knock-in cell line. In this cell line, the endogenous Suv4-20h2 locus is modified to produce a HA-3xFlag-tagged fusion protein, ensuring endogenous expression levels (Supplemental Fig. S12C ). We developed a two-step extraction protocol to remove the bulk of cohesin through digestion of the DNA with benzonase (fraction I), followed by salt extraction of Suv4-20h2 and the remaining cohesin (fraction II). Flag affinity purification of Suv4-20h2 from fraction II extracts coprecipitated cohesin subunits (Fig. 5C ). In the reverse experiment, cohesin subunit Smc1 could coprecipitate Suv4-20h2 HA-Flag (Fig. 5C ). We did not detect interaction of unrelated proteins such as Suz12, confirming the specificity of the Suv4-20h2-cohesin interaction. In the pull-down experiments, we found that Suv4-20h2 fragment M5, containing the clamp domain, interacts with cohesin subunits. To test whether the clamp domain is important to mediate interaction with cohesin, we Figure 5 . Suv4-20h2 interacts with cohesin subunits. (A) GST pull-down of Suv4-20h2 truncation proteins. Suv4-20h2 truncationsheterochromatin-associated (M5) and disperse nuclear (M7)-were expressed as recombinant GST-tagged proteins, incubated with nuclear extracts, and bound to affinity beads. Mass spectrometry identification of bound proteins revealed HP1 isoforms and two cohesin subunits to specifically interact with Suv4-20h2 fragment M5 (summary of triplicate experiments). The number of unique spectra that were identified for each protein in the mass spectrometry analysis is indicated (Scaffold analysis). The full list of identified proteins is shown in Supplemental Table S1 . (B) GST pull-down experiments. Benzonasetreated nuclear extracts contain no detectable DNA contamination. Ethidium bromide treatment disrupts protein-DNA interactions. Western blots for GST pull-down experiments using recombinant GST, Suv4-20h2-M5, and Suv4-20h2-M7 were probed for GST, HP1a, and Smc1. The Input lane contains the nuclear extract. Degradation products of the GST-tagged proteins are indicated by asterisks. (C) Suv4-20h2 and cohesin interact in vivo. Fractionated nuclear extracts were prepared from wild-type (wt) and HA-Flag knock-in (KI) ES cells. Suv4-20h2 and Smc1 were precipitated from fraction II extracts using Flag and Smc1 antibodies, respectively. Bound proteins were visualized by Western blotting using Flag, Smc1, Smc3, and Suz12 antibodies.
performed immunoprecipitation experiments in cells expressing full-length Suv4-20h2 or Suv4-20h2-DM12, which lacks the clamp domain. We detected interaction of cohesin with full-length Suv4-20h2 but not with Suv4-20h2-DM12 (Supplemental Fig. S12D ), suggesting that the clamp domain is important to facilitate interaction with cohesin.
Reduced heterochromatin-associated cohesin in Suv4-20h-deficient cells
To test whether Suv4-20h2 plays a role in recruiting cohesin to heterochromatin, we performed chromatin immunoprecipitation (ChIP) experiments for cohesin subunits and tested their enrichment at major satellite repeats and control regions outside of pericentric heterochromatin. In wild-type cells, heterochromatin is enriched for repressive histone modifications (H3K9me3 and H4K20me3) and cohesin subunits ( Fig. 6A ; Supplemental Fig. S13 ). Strikingly, in Suv4-20h double-knockout cells, cohesin subunits were strongly reduced at major satellite repeats ( Fig. 6A; Supplemental Fig. S13 ) but not at the control regions where cohesin is recruited through different mechanisms (Parelho et al. 2008; Rubio et al. 2008; Wendt et al. 2008) . We observed reduced heterochromatin-associated cohesin in two independent Suv4-20h2 Cold Spring Harbor Laboratory Press on October 19, 2017 -Published by genesdev.cshlp.org Downloaded from knockout and two independent Suv4-20h double-knockout cell lines (Supplemental Fig. S13 ). Cohesin levels are not generally reduced in Suv4-20h double-knockout cells (Fig. 6B) , suggesting specific defects in recruitment of cohesin to heterochromatin. Association of Suv4-20h2 with pericentric heterochromatin depends on Suv39h-mediated H3K9me3 and HP1 association. Therefore, we tested cohesin levels in Suv39h double-knockout cells that have lost both H3K9me3 and H4K20me3 at pericentric heterochromatin (Fig. 6A) . Importantly, reduced cohesin levels could also be detected in two independent Suv39h double-knockout cell lines ( Fig. 6A ; Supplemental Fig. S14) , demonstrating that the Suv39h-Suv4-20h pathway is important for cohesin recruitment to heterochromatin.
We then asked whether Suv4-20h2 is responsible for cohesin recruitment to heterochromatin by rescue experiments in Suv4-20h double-knockout cells. Expression of full-length Suv4-20h2 (DKO+FL) could rescue both cohesin and H4K20me3 at major satellite repeats (Fig. 6C) . Interestingly, the Suv4-20h2 clamp domain (DKO+M12) could also increase cohesin levels at heterochromatin, although this truncation protein lacks the SET domain and thus was unable to restore H4K20me3 (Fig. 6C ). Cohesin at control regions was not affected in the different rescue experiments (Supplemental Fig. S15 ). We conclude that Suv4-20h2 plays an important role in recruiting cohesin to heterochromatic regions through interactions with cohesin subunits.
Suv4-20h2 is important for the initial recruitment of cohesin to pericentric heterochromatin
Finally, we investigated whether Suv4-20h2 is involved in the initial recruitment/maintenance of cohesin at heterochromatin. Loading of cohesin onto chromatin occurs in early G1 phase (Watrin et al. 2006) . In the subsequent cell cycle stages, cohesin is maintained on the chromosomes until mitosis. During metaphase, cohesin is removed from chromosome arms by proteolytic cleavage (Hauf et al. 2001) . Only cohesin at pericentric heterochromatin is maintained until the onset of anaphase to ensure sister chromatid cohesion (Salic et al. 2004; Tang et al. 2004) . In order to investigate whether Suv4-20h2 is implicated in cohesin loading or maintenance, we analyzed cohesin levels in different cell cycle stages. We synchronized cells in G0, S, and G2/M phase ( Fig. 6D;  Supplemental Fig. S16 ) and prepared chromatin for ChIP analysis. We found that cohesin levels varied only slightly over the cell cycle in wild-type cells (Fig. 6E) . In contrast, in Suv4-20h double-knockout cells, cohesin was basically absent from heterochromatic regions in G0 phase, suggesting that Suv4-20h enzymes are crucial for loading and/or maintaining cohesin at heterochromatin. At later stages in the cell cycle (S and G2/M phase), cohesin levels increased (Fig. 6E) , indicating that additional, Suv4-20h-independent recruitment mechanisms exist during S phase. The loss of heterochromatin-associated cohesin in Suv4-20h double-knockout cells could be rescued by expressing the clamp domain (M12) or full-length Suv4-20h2 (Fig. 6E) , whereas cohesin recruitment at unrelated control regions was not affected in the rescue cells (Supplemental Fig. S17 ). Thus, our data demonstrate that Suv4-20h2 is an important factor for cohesin loading onto heterochromatin.
Discussion
Heterochromatin is a very abundant chromatin state in mammalian cells, as >30% of the mammalian genome is composed of repetitive sequences that need to be silenced. Heterochromatin is therefore characterized by low transcriptional activity and features a less accessible chromatin structure. These special properties of heterochromatin are established in a step-wise manner. First, specific proteins need to recognize heterochromatic sequences (Bulut-Karslioglu et al. 2012 ). Second, heterochromatin becomes marked with distinct histone modifications that recruit additional binding proteins to ultimately mediate the special properties of this chromatin state. In vivo, heterochromatin is not a stiff entity, but rather a dynamic equilibrium of a protein interaction network. Thus, it can both reduce chromatin accessibility under steady-state conditions and open up chromatin structure in response to specific stimuli; for example, DNA damage (Goodarzi et al. 2008 ). Here we demonstrate that Suv4-20h2 is an important constituent of this interaction network for regulating chromatin accessibility and long-range chromatin interactions. In ES cells and fibroblasts, these functions do not seem to be shared with Suv4-20h1, which features a different heterochromatin targeting domain that is not homologous to the Suv4-20h2 clamp domain and does not bind so tightly to heterochromatin (Supplemental Fig. S18A ).
How is Suv4-20h2 integrated into this network and how can it affect heterochromatin structure? Heterochromatin displays abundant H3K9me3, which provides a binding interface for HP1 proteins. Although HP1 shows only a weak affinity to H3K9me3 in vitro, the high density of H3K9me3 can lead to a high HP1 abundance in heterochromatin. We found that Suv4-20h2 features multiple HP1 interaction sites in its clamp domain, which can explain its stable association with regions that feature high HP1 concentrations. The interaction with multiple HP1 proteins raises an interesting hypothesis that Suv4-20h2 might bridge H3K9me3-and HP1-rich chromatin fibers to render chromatin less accessible. In agreement with this view, we found that chromatin in cells lacking Suv4-20h2 is indeed more accessible to nucleases. Notably, the level of Suv4-20h2 can alter the balance within the heterochromatin interaction network and may therefore modulate the functions of its interacting proteins, like HP1. Another protein that may be affected by Suv4-20h2 is the linker histone H1. This is inferred by the observed alterations in the nucleosome repeat length in Suv4-20h double-knockout cells (Fig. 2B) , which is a typical feature of cells with reduced levels of histone H1 (Fan et al. 2005) . The current knowledge of the topology of the heterochromatin interaction network is insufficient to distinguish direct effects from indirect effects. However, our data demonstrate that Suv4-20h2 is a central node within this network, and therefore changes of Suv4-20h2 levels lead to drastic alterations in nuclear architecture.
Interestingly, the clamp domain of Suv4-20h2 is necessary and sufficient for chromatin compaction, as Suv4-20h double-knockout cells expressing this domain display normal chromatin accessibility. However, the clamp domain is not sufficient to mediate long-range chromatin interactions and condensation of large chromatin domains. Therefore, other domains in Suv4-20h2, such as an active SET domain, or recruitment of additional proteins are required for these functions. An intriguing possibility is that heterochromatin-associated cohesin, which is recruited by Suv4-20h2, is implicated in these long-range interactions (Hadjur et al. 2009; Kagey et al. 2010; Degner et al. 2011) . Recent evidence suggests that cohesin may be involved in regulating the condensation of heterochromatic domains. Cohesin is present in a balance between a chromatin-associated form and a free form that is adjusted by a loading-releasing cycle (Kueng et al. 2006; Gause et al. 2010) . Perturbation of this balance by knockdown of the cohesin-releasing factor WAPL leads to increased cohesin association with chromatin and a dramatic chromatin compaction phenotype (Seitan and Merkenschlager 2012) . However, we could not detect significant perturbations in chromocenter organization in cells lacking the cohesin subunit Scc1/Rad21 (Supplemental Fig. S19 ). Therefore, we expect that other proteins that interact with Suv4-20h2 outside of the clamp domain are necessary to mediate chromocenter clustering.
Although cohesin appears to be dispensable for nuclear architecture in interphase cells, heterochromatinassociated cohesin is absolutely crucial for sister chromatid cohesion during mitosis. How cohesin is loaded onto chromatin and how the cohesin ring stabilizes interactions between chromatids are currently unclear (Nasmyth 2011) . We found that the Suv39h-Suv4-20h pathway is important for the loading of cohesin to pericentric heterochromatin (Fig. 7) . Our data are consistent with a study demonstrating that Suv39h-deficient cells display defects in sister chromatid cohesion and chromosome segregation ). Although Koch et al. (2008) could not demonstrate that cohesin levels in Suv39h double-knockout cells were reduced, this may be due to their semiquantitative ChIP analysis, which is not suitable for highly repetitive sequences. We clearly detected reduced cohesin levels at major satellite repeats in different Suv39h double-knockout, Suv4-20h double-knockout, and Suv4-20h2 knockout cell lines. In none of these cell lines, cohesin was completely lost from heterochromatin, suggesting additional loading pathways. Based on our data, we conclude that the primary function of Suv39h enzymes is to prepare pericentric heterochromatin for HP1 recruitment, which is a prerequisite for stable association of Suv4-20h2. Cohesion recruitment is then facilitated through interactions of cohesin subunits with Suv4-20h2 and possibly additional factors. Suv4-20h1 does not interact with cohesin and is therefore unlikely to contribute to cohesin recruitment (Supplemental Fig.  S18C ). Interestingly, cohesin recruitment can be mediated at least partially through the Suv4-20h2 clamp domain. As this domain can interact with cohesin and also induce chromatin compaction, it is not possible to distinguish which of the two functions is more relevant for cohesin recruitment to heterochromatin.
The cell cycle analysis revealed that Suv4-20h2 is essential for cohesin loading in G0 phase. During later stages of the cell cycle, Suv4-20h2-independent pathways can recruit cohesin to heterochromatin. This would explain why mitosis is not completely blocked and why comparably mild mitotic phenotypes were detected in Suv4-20h-deficient cells. Importantly, our data are consistent with other reports that demonstrate that the fidelity of mitosis is already compromised when heterochromatinassociated cohesin levels are only reduced (Eckert et al. 2007) . A low level of mitotic defects can therefore ensure survival of the cells but contributes to genomic instability.
Dysregulation of pericentric heterochromatin has been suggested to play important roles in cancer development and progression (Hahn et al. 2010; Zhu et al. 2011) . Cancer cells are frequently characterized by genomic instability and cohesion defects (Thompson et al. 2010 ), but the mechanisms are still poorly understood. Previous analyses have shown that a reduced level of H4K20me3, which is an indirect measure for the presence of Suv4-20h enzymes, characterizes different human tumors (Fraga et al. 2005) . In light of our data, we hypothesize that Suv4-20h2 might be an important cohesin recruitment factor in human cells. Its dysregulation could lead to reduced levels of heterochromatin-associated cohesin, which in turn contributes to the genomic instability that is characteristic of many human tumors and could explain the negative survival prognosis with tumors that have low H4K20me3 levels (Van Den Broeck et al. 2008; Schneider et al. 2011 ).
Materials and methods
FRAP
FRAP measurements were performed in MEF and ES cell lines after transient expression of EGFP-tagged proteins. Analysis of the recovery curves of the intensity integrated over the region of interest (ROI) was done using FREDIS software (Muller et al. 2009 ). For Figure 1 , the averaged recovery curves were fitted to a diffusion model or a reaction diffusion model that incorporates both diffusion and binding processes.
HP1 interaction test
GST fusion proteins of Suv4-20h2, HP1a, HP1b, and HP1g were expressed in Escherichia coli and purified using glutathione-S-sepharose beads (Amersham Biosciences). The GST tag was subsequently removed using PreScission protease. Interaction tests were performed by incubating 5 mg of GST-Suv4-20h2 fusion protein with 5 mg of either HP1a, HP1b, or HP1g for 1 h at room temperature on a rotating wheel.
Chromatin accessibility assay
Nuclei of wild-type, Suv4-20h2 knockout, and Suv4-20h2 double-knockout ES cells and wild-type, Suv4-20h double-knockout, Suv4-20h2 recruits cohesin to heterochromatin DKO+FL, and DKO+M12 fibroblast cell lines were digested with different amounts of MNase (Sigma) according to Gilbert et al. (2007) . Genomic DNA was purified and separated on a 1% agarose gel or loaded onto a DNA LabChip (Agilent Technologies).
3D-SIM
Superresolution 3D-SIM of immunofluorescently labeled and DAPI-stained nuclei was performed as previously described (Schermelleh et al. 2008 ) on a DeltaVision OMX V3 system (Applied Precision) equipped with a 1003/1.40 NA PlanApo oil immersion objective (Olympus) and Cascade II:512 EMCCD cameras (Photometrics) using 405-nm and 592-nm diode laser.
Mitotic abnormalities
To quantify the number of abnormal mitotic figures in MEF cells, mitotic cells were collected by shake-off, spun onto a glassbottomed 96-black well plate (Greiner Bio-One) for 5 min at 400g, fixed in 4% formaldehyde, and stained with VectaShield containing DAPI.
Coimmunoprecipitation
Nuclei of wild-type and Suv4-20h2
HA-Flag ES cells were sequentially extracted with low-salt (fraction I) and high-salt (fraction II) immunoprecipitation buffer and incubated with 5 mg of either . The SET domain is the catalytic domain that induces H4K20me3. Establishing this modification is important to mediate chromocenter clustering. The clamp domain is essential to recruit Suv4-20h2 to pericentric heterochromatin. The clamp domain also mediates the Suv4-20h2-cohesin interaction and thus the recruitment of cohesin to heterochromatin. (B) Model showing the role of the Suv39h-HP1-Suv4-20h pathway for chromatin compaction and cohesin recruitment to pericentric heterochromatin. Based on our data, we propose that Suv4-20h2 can mediate interactions between chromatin fibers by binding to H3K9me3-rich and HP1-rich domains. The loss of Suv4-20h enzymes leads to a compromised heterochromatin organization (reduced chromatin compaction and chromocenter scattering) although H3K9me3 and HP1 are still present at heterochromatic regions. In G0/G1 cells, the interaction with Suv4-20h2 is important for cohesin recruitment to pericentric heterochromatin. Cohesin is not completely lost from mitotic chromosomes due to alternative, Suv4-20h-independent loading pathways during S/G2 phase. Flag M2 antibody (Sigma) or Smc1 antibody (Bethyl Laboratories) coupled to ProteinA/G magnetic beads (Dynabeads, Invitrogen) overnight at 4°C on a rotating wheel. Bound proteins were separated on SDS-polyacrylamide gels and analyzed by Western blotting.
ChIP
ChIP experiments were performed as in Samoshkin et al. (2012) using the following antibodies: anti-H3K9me3 (Abcam, #ab8898), anti-H4K20me3 (Active Motif, #39180.3918; or Millipore, #07-463), anti-Rad21 (Abcam, #ab992), and anti-Smc3 (Abcam, #ab9263).
Automatic 3D quantification of FISH foci
Major satellite FISH experiments were performed according to Markaki et al. (2013) . To determine quantitative information of FISH major satellite repeats from the acquired two-channel 3D confocal microscopy images, we developed a fully automatic 3D image analysis approach consisting of 3D cell nuclei segmentation and 3D foci segmentation.
